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Low pressure chemical vapor deposition (LPCVD) was carried out to deposit tungsten silicide 
films ( WSi,) from WF, and SiH4 in a low temperature range from 80 to 390 “C, using a tubular 
reactor system. Drastic decrease of the deposition rate occurred at an extinction temperature 
T,,. Increase of the reactor size in the range from 4 to 22 mm+ decreased T, from 140 to 80 “C. 
Above T,, the sticking probability of the film forming species (q) and the film composition, x 
of WSi, , did not depend on the*reactor diameter. Dependence of T,, on the reactor diameter 
and independence of v and x above T,, from the reactor diameter indicates that a radical chain 
process dominates CVD-WSi, process to form film forming species. 
Chemical vapor deposition (CVD) tungsten silicide 
films ( WSi,) have been widely used in the fabrication pro- 
cesses of very large scale integrated circuits (VLSI) be- 
cause of its superior properties.“’ An ever increasing trend 
of the density of integration, however, requires solution of 
the severe problem of its poor step coverage quality. Other 
requirements, including proper composition (x in WSi,) 
low level of contamination by fluorine have to be satisfied 
simultaneously with good step coverage quality. Efforts 
have been devoted to understanding the deposition mech- 
anism of tungsten and related materials to overcome the 
drawbacks.3*4 Kinetic studies were carried out extensively 
for the metallic tungsten process (CVD-W) from the same 
gas sources of WFdSiHq.5-8 Surface and gas phase reac- 
tions in the CVD-W process gradually have been eluci- 
dated. These include a gas phase reaction ( 1) and a surface 
reaction (2). 
2WF6 + 3SiH4 + 2W+3SiF4+6H2, (1) 
WF6+2Si&-+W+2SiHF3+3H2. (2) 
Compared with the CVD-W system, however, reaction 
chemistry in the CVD-WSi, is not well understood. Only a 
few thermodynamic studies have been carried out.“” The 
effect of operating conditions on particle generation was 
studied in the CVD-WSi, process.” They suggest that con- 
trol of gas phase reactions is an important factor in this 
process. However, very little research focusing on the gas 
phase reactions has been done, and details of the reaction 
chemistry, including the initiation of reactions and reac- 
tions to dominate the composition ratio remain unclear. 
The present letter reports, for the first time, the exist- 
ence of an extinction temperature of the film growth and a 
dependency of this temperature on the surface-to-volume 
ratio of the reactor, which presents a strong indication that 
the CVD-WSi, process is dominated by radical chain re- 
actions in the gas phase. 
Decrease of deposition rate with decreasing tempera- 
ture is a natural tendency in thermally activated processes. 
Consequently, sudden decrease of film growth at a certain 
temperature has to be distinguished with care from the 
decrease according to this natural tendency. The present 
work presents the evidence of extinction by two steps. 
First, the sticking probability is shown to decrease nor- 
mally according to the Arrhenius law. Next it is shown 
that the film growth rate decreases at a certain temperature 
far more sharply than expected from the Arrhenius law. 
Experiments were performed in a hot-wall-type tubu- 
lar reactor system, equipped with an electric furnace. The 
inner diameter of the reactor was changed from 4 to 22 
mm to control the surface area to volume ratio of the 
reacting space. Details of the experimental setups are de- 
scribed elsewhere.3*4 The partial pressures of WF6 and SiH, 
were 4 and 400 mTorr, respectively. Argon was added to 
maintain the total pressure at 2.4 Torr. Silicon wafers 
5-mm wide and 70-mm long, having micron-sized 
trenches, where inserted in the reactor as the substrate. An 
experimental run was initiated by admitting a mixed gas 
stream into the reactor of which temperature was con- 
trolled in advance. After a deposition run was completed, 
the cross section of the film prepared was observed by 
scarming electron microscopy (SEM) to determine the 
step coverage quality as well as the growth rate. The com- 
position of the WSi, films was analyzed by using Ruther- 
ford backscattering spectroscopy (RBS) . 
Growth of WSi, film was so rapid that sharp concen- 
tration gradients of the reactant molecules were unavoid- 
able. This gradient makes it difficult to measure the growth 
rate because there is no well-defined concentrations. Step 
coverage quality on a microtrench can be used to deter- 
mine directly the probability of sticking of a film forming 
species, which is related to the growth rate by 
growth rate=: ~uC. (3) 
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FIG. 1. Arrhenius plot of the sticking probability of film forming species 
in CVD-WSi, process using SiI-IH4 and WF6 at temperature range from 120 
to 390°C. (A), (B), (C), and (D) indicate the extinction temperatures at 
which drastic decrease of deposition rate occurred in the case of the inner 
diameter of 4, 11, 16.5, and 22 mm, respectively. 
Here, 17 and C are the sticking probability of film forming 
species and the concentration of film forming species, re- 
spectively. Y is the thermal velocity of the film forming 
species, which is only weakly dependent on temperature. 
.Equation (3) shows that the sticking probability is propor- 
tional to a reaction rate constant. 
Figure 1 shows the sticking probability as a function of 
reciprocal temperature. Sticking of the film forming species 
is evidently a thermally activated process, having an acti- 
vation energy of 7 f 2 kcal/mol. l2 Step coverage quality on 
microtrenches was measured to determine the sticking 
probability at lower temperatures. Data in the temperature 
range from 240 to 120 “C obeyed the Arrhenius depen- 
dency well. When the temperature was decreased to 
110 “C, the growth rate dropped so drastically that film 
thickness measurement by SEM was impossible. Allowing 
for the limitation in our SEM analysis, the growth rate was 
smaller at least by two orders than that extrapolated by the 
Arrhenius dependency. Existence of this extinction tem- 
perature, T,, suggests some autocatalytic effects. Most 
plausible mechanisms include catalysis on the deposited 
film and radical chain reactions in the gas phase. Solid 
surfaces can act as a killer of radical species, and radical 
chain reactions take place in the gas phase. Consequently, 
a radical chain reaction system is ordinarily sensitive to the 
TABLE I. The extinction temperature of WSiX film growth for the dif- 
ferent inner diameters. The circle indicates that WSi, film deposition 
occurred in the experimental period. The cross indicates that WSiX film 
deposition could not be observed in the experimental period. 
Inner diameter of S/V ratio 
the reactor (mm) (l/mm) 
Substrate temperature (“C) 
80 loi, 120 140 
4.0 1.0 . . . . . . 0 
il.0 0.364 .-* . . . 
16.5 0.242 X z 0 . . . 







:g 0.5 Lz - ^_. - .._ 0.25 o 
Inner Diameter [mm] 
FIG. 2. The sticking probability of film forming species and the Si/W 
ratio of a WSi, film in CVD-WSi, process using SiH, and WF6 as a 
function of the inner diameter of the reactor. The partial pressure of WF6 
and SiH, are 4 and 400 mTorr, respectively. Total pressure is 2.4 Torr. 
The substrate temperature is 150 “C. 
specific surface area of the reaction zone. On the other 
hand, T,, in the mechanism of catalysis by the deposited 
fllm is not sensitive to the specific surface area. An attempt 
was made to measure the extinction temperature as a func- 
tion of surface to volume ratio of the reactor tube by 
changing its diameter. 
Table I summarizes T,, measured for the different in- 
ner diameters from 4 to 22 mm. T,, decreases with de- 
creasing diameter of the reactor tube. This result shows 
that the radical chain reaction system is a very plausible 
mechanism in the WFdSiH, system to produce WSi, 
films. 
Figure 2 shows the sticking probability and the film 
composition ratio, x in WSi, at 150 “C! for the different 
inner diameters. They do not show any dependence on the 
diameter. Although surface-to-volume ratio influences ini- 
tiation of the radical chain process, it may not influence the 
chemical form of the film forming species once the process 
is initiated. 
In conclusion, extinction of WSi, film formation reac- 
tion was observed at a critical temperature, and this tem- 
perature decreased with the S/V ratio of the reactor. This 
result suggests that the CVD-WSi, process from WF6/ 
SiH4 is dominated by radical chain reactions occurring in 
the gas phase. The reactor size did not affect the sticking 
probability and composition ratio, and the step coverage 
quality remained conformal in the temperature range lower 
than 150 “C. The present work suggests the possibility of 
developing various novel processes. An attempt to initiate 
the radical chain reactions at a high temperature and de- 
posit films on a substrate at an optimum temperature is 
now under way. 
A part of this work was carried out under the Joint 
Researcher’s Program of Laboratory for Developmental 
Research for Advanced Materials, Institute for Materials 
Research, Tohoku University. 
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